I. INTRODUCTION
High energy electron-positron storage rings give a way of making a new attack on the most important problems of elementary particle physics. All of us who have worked in-the storage ring field designing, building, or using storage rings know this. The importance of that part of storage ring work concerning tests of quantum electrodynamics and mu meson physics is also generally appreciated by the larger physics community. However, I do not think that most of the physicists working in the elementary particle physics field realize the importance of the contribution that storage ring experiments can make to our understanding of the strongly interacting particles. I would therefore like to spend the next few minutes discussing the sort of things that one can do with storage rings in the strongly interacting particle field. While most of you, I am sure, are familiar with what I will say, there are probably some skeptics in the audience.
The production of strongly interacting particle pairs proceeds through the annihilation diagram shown in Fig. 1 , wherein the electron and positron annihilate to form a single photon, and this photon then materializes as a pair of particles.
The simplicity of the one photon intermediate state makes the interpretation of these experiments particularly simple. The angular distributions contain only low powers of cos 0, and the reaction products come out broadly distributed in angle rather than very sharply peaked in the forward direction as in the case where particles are produced in reactions initiated by strongly interacting particles.
The simplest experiment for a high energy electron-positron storage ring is a direct test of symmetry schemes. This experiment requires only that the -lrelative yields of various strongly interacting particle pairs be measured at a given storage ring energy. Table I shows some of the predictions of SU(3).
SU(3) predicts only the relations within a given column of Table I . Relations between columns are given by higher symmetry schemes. For example, U (12) predicts that the relative yield of proton, anti-proton pairs and N:3 pairs are in the ratio of one to four. While I realize that U(12) is unfashionable at the moment,1 have used it because I know the answer it gives and to illustrate the point that the measurement of relative cross sections provides a direct test of higher symmetry schemes. All symmetry schemes predict the relative electromagnetic form factors of members of a given multiplet. Stanford this summer by Chen on the production of pop0 indicate that using the large C violating coupling proposed by Lee, the production of pop0 through one photon exchange is very much larger than two photon exchange. This type of experiment is a much more sensitive test of C violation than is the charge asymmetry in 77 decay.
Another interesting class of experiment is the search for new resonances.
This can be done in a storage ring by studying the yield of particles as a function of the storage ring energy and looking for an enhancement in the yield at a particular energy. I picked these three types of experiments to discuss because most of the XIII th International Conference on Elementary Particle Physics at Berkeley, last month, was devoted to a discussion of these three subjects. Very little that was new was said -and the situation is not very much clearer than it was at the preceding conference in 1964. I believe that an attack on these problems in a new direction is required for understanding of elementary particle physics and I believe that experiments which can be done with a high energy electronpositron storage ring provides this new direction. It is unfortunate that storage ring technology has advanced slowly in the past, for it would be nice to have the answers to these questions now. However, progress in hadron physics has been if anything even slower than progress in storage rings, and I think these problems will still be waiting for us when high energy electron-positron storage rings, which will soon be under construction, are ready.
II. LUMINOSITY REQUIREMENTS
Having discussed why I believe a high energy electron-positron storage ring to be very important to progress in elementary particle physics, I would now like to turn to the two most basic questions relating to the design of a ring -what luminosity (reaction rate per unit cross section) is required, and what should be the maximum energy of the ring. The answer to the first of these questions requires that we estimate the expected cross section for the processes we wish to study. The answer to the second question requires consideration not only of the physics, but of the cost of the facility.
Because of form factor effects, the cross sections for production of strongly In order to do what we set out to do-define a minimum luminosity for a high energy storage ring -we must now define a minimum yield for a reaction. However, if the counting rate was significantly below this level, we would probably be unable to do strong interaction physics with the storage ring.
Considering the uncertainty in the cross section estimate, this seems to be a reasonable design figure. If the actual cross section is larger than we have assumed, we will be able to make accurate measurements at the highest energy which the ring can reach. If the actual cross section is smaller than we have assumed, we will, because of the rapid increase with decreasing energy in the cross section, and in the instability limited luminosity if a ring can be filled to the limit of rf power at energies lower than the maximum energy of the ring, reach the limit of detectability at an energy somewhat lower than the maximum the storage ring can reach.
To give some feeling for what these words mean in practice, I will use the proposed Stanford 3-GeV ring as a model. Figure 3 shows the luminosity which goes slightly faster than l/E3 with beam energy. The luminosity at 3 GeV is 1.4 x 1O32 cmm2 set-l. Figure 4 shows the expected counting rate in a typical channel using the estimate of the proton-antiproton cross section-as the typical cross section.
-7-With a storage ring designed to give sufficient luminosity to study the strongly interacting final states, the reaction rates for the processes which involve only quantum electrodynamics or 1-1 mesons are expected to be very large. Table II gives the rates in events per second of some of those processes based on the design luminosity of the Stanford ring. These rates are very large in comparison to those expected for strongly interacting final states. One will have to make the trigger system of a general purpose detector for strongly interacting particles insensitive to these types of events in order to study the strongly interacting states.
Rejection ratios of lo5 to lo6 are required, but those should not be too difficult to achieve. The best choice would seem to be to optimize the storage ring design at the energy of 3 GeV with a current sufficient to study the strongly interacting final states.
However, there is a relatively inexpensive way of achieving higher energies for the study of processes which do not involve strongly interacting particles.
One can add more power supply to the magnet system and increase the magnetic field without increasing the rf power beyond what is required for strong interaction physics at 3 GeV. In this way, it is possible to increase the energy of a storage ring although with a decrease in luminosity.
Since the cross sections for electromagnetic and lepton final states are much larger than those -9-for strongly interacting final states, one can still do physics in these channels.
The reason such an increase in field is practical, is because an optimized design at 3 GeV seems to yield a relatively low magnetic field in the range of 6 to 9 kilogauss. I, therefore, think it is wise in the initial design of a storage ring to, at least, provide for such an increase in field at a future time.
IV. TECHNICAL DESIGN
A. Instability Limits on the Luminosity I will consider only those factors which are specific to storage rings, and
will not discuss the general problem of design of a magnet lattice. The experience at the Stanford 500 MeV electron storage ring, at Vepp-2
at Novosibirsk, and at AC0 at Orsay shows that this parameter should be less than 0.025 if the beams are to be stable with respect to this incoherent blow-up.
If we adjust the transverse dimensions of the circulating beams so that they both have Au = 0.025, the luminosity of the storage ring is then given by:
yAU I
where I is the circulating beam currents in amperes, e is the charge of the electron, and F is a factor (near 1) which takes into account the bunch length of the beam. One sees from this formula that, at the instability limit for a given beam energy, the luminosity depends strongly only on the beam current I, and on 8, . Obviously the luminosity can be increased by increasing the available rf power, and hence increasing the beam current.
B. Small "Beta" Structures
Robinson and Voss of C. E. A. have recently shown that it is practical to reduce the value of beta by a large factor at the interaction region in a storage ring, and hence increase the luminosity, which can be obtained for a given circulating beam current.
To stay within the incoherent instability limit, the cross sectional area of the beam must be adjusted to keep AU = 0.025.
-ll- where PO is the minimum value of beta and S is the distance from the point of minimum beta. It is this increase in beta along the orbit which limits the extent to which beta can be reduced at the interaction point.
The limit arises as follows:
1" Tolerances on the alignment of magnets and on the quality of their field depend on beta at the location of the magnet. The large value of beta reached at the focusing elements close to the interaction region imposes increasing severe tolerances on these elements as beta at the interaction point is reduced.
2" Beta increases by a factor of two for a distance from the center of the interaction region equal to the minimum value of beta. The length of the circulating bunches of particles in the ring should not be very much longer than the minimum value of beta, since the incoherent instability -12 -limit depends on a weighted average of beta over the length of the interacting bunches.
3"
The angular divergence of the beams at the interaction point increases as the minimum value of beta decreases, If this angular divergence becomes too large, it can become the limiting factor in the kinematic reconstruction of an event as seen in a magnetic detector and can prevent the separation and identification of different final states.
It appears practical toincrease the luminosity of a storage ring by a factor of 50 to 100 by use of the low beta technique, over that which can be achieved at the instability limit by a conventional design,
The design of these insertions is not very complicated but it is tedious and so I will not go into detail here. It is possible to design such insertions so that they can be tuned and the value of fi at the interaction point varied.
In fact, they can be designed so that the change in the total number of betatron oscillations per turn is small enough when p is varied, so that j3 can be changed while a stored beam is in the ring. I think it will be generally true of high current storage rings that only the vertical fi needs to be reduced. (5) and (6). As v -n increases, the change in tune increases, but the increase in fi which occurs as v -n approaches l/2 from below decreases the effective beam strength and keeps the perturbed tune from ever reaching l/2. limit than is the parameter X which has been previously used to characterize this limit. This belief is not completely a matter of faith.
Rees has done some computer simulations of the interaction of beams in a storage ring which, I think, he will discuss later. These computer studies show that v' -v very crudely does better characterize the limiting beam strength than does X.
The curves of Fig. 8 show an increasing relativeluminosity as the unperturbed tune of the ring approaches an integer or half integer from above.
The effect comes both from the decrease in p generated by the beam-beam interaction and from the increased beam strength allowed for a given tune change when working close to an integer.
The curves are normalized to 1 for a beam strength of 0.025 and no change in /3. Thus, the ordinate represents the luminosity relative to that which would be obtained if the beam strength parameter observed at both Stanford, ACO, and Novosibirsk (0.025) were used as the instability limit.
The stability of the solutions to the equations describing this dynamic effect on beta has been investigated by Dr. P. Morton of Stanford and myself using a perturbation technique.
Equations (5) and (6) It is possible that because of these complicating factors, the full benefit to the luminosity of operation close to but above an integer or half integer will not be achieved. However, I do think it likely that some enhancement of the lmninosity can be achieved. The other side of this coin indicates that one should avoid operation just below an integer or half integer tune. In this region, fl will be increased and the luminosity reduced. In addition, beam strengths which are not precluded by other instabilities may make the beams unstable with respect to the dynamic beta effect.
D. The Long Range Instability
There is one possible instability about which I am still worried, and that is the so called "long range" instability.
The impulse given to a particle as it passes through the other beam has its maximum non-linearity for a gaussian charge distribution, at a distance of 1 -2 standard deviation from the center of the beam.
We think now that non-linearities cause the incoherent instabilities, and these non-linearities can also cause instabilities for close passages of two beams.
Such effects have been seen at the working storage rings. It is not necessary to bring two beams into exact alignment to cause the instability. It has been -17 -observed that the beams will blow up when their centers are still at some distance from each other. I do not know of any quantitative data on this effect, but all the laboratories have observed that very large beams will not cause instabilities when the separation between beam center lines is large, and will cause instabilities when the separation is small. This subject needs more work, but I think one can say now that small beam separations are very dangerous in a storage ring.
E. Vacuum
Most high current storage ring designs were provided in the past with a pumping system which was distributed throughout the ring, rather than one using localized pumps. I think that these distributed pumping systems are not really necessary.
Everyone agrees that the desorbtion produced when synchrotron radiation strikes the walls of a vacuum chamber proceeds through a two-step process wherein the photons in the synchrotron radiation produce photo-electrons on the chamber walls, and these photo-electrons then cause desorbtion of gas molecules.
There has been a considerable amount of work in the last few years on the photo -electric process, praticularly in the Soviet Union. This work shows that the photo-electric yield is proportional to the reciprocal of the sine of the angle at which the synchrotron radiation strikes the metal surface. By suitably corrugating the surface of a radiation catcher, the synchrotron radiation may be made more normally incident and the photo-electric yield reduced. It has also been shown that the photo-electric yield from aluminum is a factor of two lower than from stainless steel. Combining these two effects yields a reduction in the estimated gas load by a conservative factor of 5 over past estimates which have been based on desorbtion measurements made in the Stanford 500-MeV storage -18 -ring.
With this reduction in gas production, distributed pumping systems appear to be unnecessary in storage rings, except perhaps for those rings which have a small vacuum chamber aperture and hence a small chamber conductance. In those cases, the problem of matching a storage ring rf frequency to the injector frequency so as to achieve optimum beam transfer, makes high rf frequency in the storage ring preferable.
With the use of low p sections in storage rings, two new factors must be considered. Since one of these two factors gives an advantage to high frequency rf, and the other to low frequency rf, the choice of frequency has not become any easier. The two factors are related to the bunch length and to the separation between bunches.
As we have noted previously, to take maximum advantage of a small value of fi at the interaction point in a storage ring, the bunch length should not be much larger than the value of /3. Since the bunch length is shorter for high frequency rf systems than for low frequency systems, the cost difference between high and low frequency is partly cancelled out if one measures costs V. SUMMARY
(1) The rates for strongly interacting final states are going to be very low They should be, according to the estimates I have given, about 10 -5 at 3 GeV.
to 10 -6 of the lepton and y-ray rates. The detectors should be designed to detect simultaneously as many of these strongly interacting final states as possible.
(2) A storage ring should be designed if possible, to take advantage of the maximum rf power at energies lower than its maximum design energy, in order to enhance the luminosity by increasing the beam current.
(3) Small fi sections should be incorporated in any new design. It appears that the use of this technique can enhance the luminosity by a factor of 50 to 100.
(4) The operating point for storage rings should be chosen to be close to, but above an integer or a half integer, between interaction point. Since injection into a storage ring is most convenient near one quarter integral tunes, the best choice seems to me to design a storage ring in which injection is at the quarter integer, and where the ring can then be tuned with beam stored down towards an integer, (5) More work is needed on the long range incoherent instability, but we can already conclude that small beam separations are bad.
-20 -(6) Distributed vacuum pumping does not seem to be required if arrangements are made to have the synchrotron radiation inside more normally to the vacuum chamber walls, and if aluminum is used for a radiation catcher.
(7) If the long range instabilities turn out to be no problem, there is no strong bias either for or against high or low frequency rf systems.
1. The annihilation diagram in the electron-positron interaction which leads to the production of particle pairs.
2. Cross sections for proton-antiproton pair production.
3. Luminosity of the proposed SLAC 3 GeV storage ring.
4. Counting rate of proton-antiproton pair production for a ring with the luminosity of Fig. 3 .
5.
A small beta insertion giving pv(min) of 5 cm. QF and the bending magnets 1 are used to give a zero momentum vector in the central region.
The use of three quadrupoles (&I-Q,) allows p to be varied over a range of 4.5 cm.
to about 2 meters. 
